Crayfish are a highly diverse group of freshwater crustaceans with great ecological and economic importance. Many species construct terrestrial burrows within which they reproduce, overwinter, and/or avoid desiccation. Basic life-history and environmental tolerance information is still lacking for many species, particularly in regards to terrestrial portion(s) of their life cycle. In this paper we present and evaluate a design for a crayfish burrowing chamber that allows for experimental control of burrowing conditions, including substrate, groundwater height and flow, as well as direct observation of burrow construction and measurement of groundwater quality. Results of evaluation assays with Cambarus striatus, a widespread secondary burrower native to the southeastern United States show that chambers are amenable to studies examining burrowing behavior, survivorship, growth and water quality. Water table height was easily manipulated in chambers. Seepage rates were strongly affected by substrate type: burrows in coarse substrate filled rapidly but collapsed quickly whereas burrows in fine substrates filled very slowly and did not collapse. Cambarus striatus burrowed readily in fine substrate, produced complex burrows with chimneys, and exhibited high survivorship and positive growth over a 4 week period. Ammonia levels were higher in burrows than in the groundwater flowing through the chambers, but did not significantly affect growth or survivorship of C. striatus. Maximum burrow depth was significantly affected by substrate type, but not presence/absence of chelipeds. Suggested improvements include larger chamber size and the use of mesh barriers to keep crayfish from burrowing against the inner chamber walls.
INTRODUCTION
Crayfish are a highly diverse and widespread group of crustaceans with the greatest diversity in North America where 2 families (Cambaridae and Astacidae) are represented by approximately 363 taxa (Taylor et al., 2007) . Crayfish play important roles in natural systems and are often classified as ecosystem engineers and/or strongly interacting species. They have been shown to strongly influence sedimentation (Usio and Townsend, 2004; Helms and Creed, 2005) , decomposition (Usio, 2000; Creed and Reed, 2004; Zhang et al., 2004) , productivity (Charlebois and Lamberti, 1996; Evans-White et al., 2003) , algal biomass (Hart, 1992; Creed, 1994; Charlebois and Lamberti, 1996) , and community composition (Lodge and Lorman, 1987; Zhang et al., 2004) . Crayfish are also important economically, with three native species commercially cultured in the southeastern United States (Mazlum and Eversole, 2004) . However, despite their ecological and commercial importance, basic life-history and environmental tolerance information is still lacking for many species (Taylor et al., 2007) .
Crayfish inhabit a wide variety of freshwater aquatic habitats including streams, ponds and lakes. Many species also spend part, most, or all of their lives in terrestrial burrows. Burrows are highly variable within and between species and occur in a variety of soil types from coarse sand to fine clays (Hobbs, 1981) . There are three broad categories of burrowing crayfish: primary, secondary, and tertiary (Hobbs, 1981) . Primary burrowing species spend nearly all of their lives in and around their burrows, rarely venturing to open water. Secondary burrowers can be found in surface waters during wet periods but spend much of their life in and around burrows. Tertiary burrowers are generally open water species that only burrow to reproduce or avoid environmental extremes (freezing, desiccation). Burrow architecture ranges from the simple shallow structures of tertiary burrowers (Jones and Bergey, 2007; DiStefano et al., 2009) , to the deep complexes with many branches and chambers common to many primary burrowers (Grow and Merchant, 1980; Welch et al., 2008) . Burrows of most species extend down to or below the water table, and water quality within the flooded portion of burrows is generally considered to be poor (Tarr, 1884; Grow and Merchant, 1980) .
Obvious difficulties in studying crayfish in a subterranean habitat include finding burrows, determining whether burrows are active, determining which species are inhabiting the burrow(s), directly observing burrow structure and crayfish behavior, and manipulating conditions within and around burrows. As a result, factors affecting burrow structure and water quality as well as crayfish survivorship, growth, and reproduction within burrows have received little attention. There is a great need for experimental systems to facilitate the study of subterranean crayfish ecology. Crayfish survivorship and behavior in experimen- JOURNAL OF CRUSTACEAN BIOLOGY, 31(1): 50-58, 2011 tal systems should ideally mimic those in the wild, but natural survivorship and behavior are not well understood. Visible above-ground structures are among the few, consistent, non-destructive benchmarks, e.g., chimney construction, burrow diameter. We therefore designed and built crayfish burrowing chambers with the following goals in mind: systems should be easy to build, inexpensive, replicable, and amenable to manipulation of soil type, water flow, water level, and water quality. Crayfish within these systems should burrow readily, create easy-toobserve burrow and chimney structures that are similar to those found in the wild, and exhibit high survivorship and positive growth under favorable conditions.
We then evaluated the chambers by conducting a series of simple assays using Cambarus striatus Hay, 1902 , which is a widespread secondary burrower native to the southeastern United States, to address some basic questions: 1) are seepage rates through chamber sediment strongly affected by substrate type? 2) do crayfish exhibit positive growth and/or survivorship rates in the chambers? 3) does burrow depth vary with substrate type? 4) does the presence/absence of chelipeds affect burrow depth?
Our design modifies the standard ''ant farm'' design used to observe subterranean ant colonies, with the addition of water flow and water level controls to simulate groundwater in natural substrate. Previous studies of crayfish in experimental burrows have used artificially constructed burrows without natural substrate (Nakata et al., 2001; Payette and McGaw, 2003) or allowed crayfish to burrow in tubs or beakers partially filled with soil. Clear beakers allowed for direct observation of burrows (Grow, 1981) but had limited control of groundwater flow and level. A larger tub-within-a-tub design (Dorn and Volin, 2009 ) allowed for better groundwater control but limited direct observation of crayfish, burrow structure, and fluctuation of water levels within the actual burrows. We seek to combine the strengths of previous designs into a system that allows for construction of natural burrows while allowing for direct observation of burrows, and experimental control of the burrowing environment.
MATERIALS AND METHODS

Chamber Design
Burrowing chambers were made from 6 mm thick acrylic sheets and measured 30 cm H 3 46 cm L 3 5 cm W (Fig. 1A , parts list in Appendix). Acrylic sides were glued together using acrylic glue. Uniseals were inserted into 1 J0 holes bored into the front and back chamber walls. Inflow and outflow plumbing were inserted through chamber walls via the uniseals (Fig. 1B) . Each chamber was filled to a depth of , 10 cm with gravel, and a 30 cm length of 10 polyvinyl chloride (PVC) pipe was placed against either chamber side. An 85 cm strip of 500 um NitexH mesh was attached to a J0 plastic mesh backing with small zipties and pressed against the vertical PVC pipes and horizontal gravel bed to form a permeable inner chamber. The inner chamber was then filled with riparian soil substrate. Water flow into the burrowing chamber was controlled via a PVC ball valve and water height controlled by an articulated standpipe (Figs. 1A, 2A) , which was rotated up and down via two threaded elbows (parts O 2 and O 3 ). In this way, substrate in the inner chamber was constantly bathed in water up to the height set by the standpipe. Water in the outer chamber flowed from inflow to outflow, primarily through the gravel bed, with flow rate controlled by adjusting the inflow valve. Water height was easily observed and measured through the clear acrylic walls of the outer chamber ( Fig. 2A) .
Metal support brackets were bolted to both chamber sides, near the top, to support a 61 cm L 3 40 cm W 3 22 cm H plastic tub used as a foraging chamber ( Fig. 2A) . A 46 cm 3 4 cm slit was cut in the bottom of the plastic tub to allow crayfish to freely move between the foraging and burrowing chambers. All burrow trials were conducted at the South Auburn Fisheries Research Station, Auburn, AL.
Study Animals
All assays were conducted with C. striatus, a primary/secondary burrower that is widespread in Alabama. Crayfish were collected from Odum Creek, a first-order tributary running through the South Auburn Fisheries Research Station of Auburn University, and held in small recirculating systems at 20uC for a minimum of 3 days before being used in experiments. Each crayfish was used only once for each assay.
Burrow Filling Rates
To compare burrow filling rates in contrasting substrate types, we collected fine and coarse substrates from 2 nearby localities where active crayfish burrows were observed. Soils were sieved through J0 mesh to remove large debris and particle size distributions were quantified by dry sieving replicate samples of each. Mean percentage of particles representing clay, silt, and/or very fine sand (, 1.25 mm; Wentworth, 1922) was 5.4% 6 0.2 for the coarse and 37.6% 6 0.03 for the fine substrate while the percentage of particles representing medium to coarse sand (. 0.25 mm; Wentworth, 1922) was 77.3 6 0.6 for the coarse and 23.7 6 2.4 for fine substrate. Three chambers were filled with each substrate type. Flow rate through each of the six chambers was adjusted to 1 6 0.1 L min 21 and the standpipe raised to the top of each chamber for 72 h in order to thoroughly wet and consolidate the substrates. Standpipes were then lowered to 10 cm from the chamber bottom (height of the interface between gravel and substrate) and substrates allowed to drain for an additional 72 h. We created an artificial, vertical burrow in the center of each chamber by removing substrate with a L0 diameter PVC pipe. Burrows were dug to a depth of 14 cm, leaving , 4 cm of substrate between the bottom of the burrow and the substrate/gravel interface. Standpipes were then raised to a height of 27 cm from the chamber bottom and filling times recorded separately for the outer chamber and artificial burrow. Coarse substrate burrows were allowed to fill completely with water. Fine substrate burrows filled much more slowly and were allowed to fill for $ 7 days before final water height was recorded and fill rate calculated. Differences in filling rates between the outer chamber and artificial burrows were analyzed using a two-sample t test (separate variance; Systat H ver.12.0).
Crayfish Growth and Survivorship
Eight burrowing chambers were filled with the fine-particle substrate, connected to a common sump and filled with water from Odum Creek. Water was pumped from the sump and groundwater height adjusted to the top of each chamber to fully saturate the soils. On Day 3, standpipes were lowered to bring groundwater levels down 15 cm from the soil surface. Shadecloth was then wrapped around each burrowing chamber. On Day 4, one crayfish was added to the upper foraging arena of each chamber.
Carapace length (CL, rostrum to posterior of cephalothorax), wet weight (g), and gender were obtained for each crayfish immediately before introduction to chambers. Crayfish were allowed to acclimate for 5 days without food, and then fed for the remainder of the trial at a ration of 0.3 g commercial shrimp feed per day. Ammonia levels (NH 3 -N: LaMotte Ammonia Nitrogen Test Kit Model SL-NH) were measured in 5ml of water withdrawn by pipette from each burrow during Week 3 for comparison to sump-water ammonia levels. Burrow water samples were diluted with DI water as necessary to bring them within range of the kits. Crayfish remained in their respective chambers for 28 days and were then removed to determine final carapace length and wet mass. Percent growth for each crayfish was calculated as (final mass -initial mass) / (initial mass) * 100. Ammonia nitrogen and crayfish growth data were analyzed using Pearson correlation (Systat H ver.12.0).
Burrow Depth and Substrate Type
To determine crayfish burrowing abilities in various soils, fine-particle substrate (described above) was mixed with coarse substrate (sand) to produce 5 treatments representing a texture gradient. Fine and coarse substrates were mixed in the following proportions: 1:0, 2:1, 1:1, 1:2, and 0:1 (fine:coarse). Two burrowing chambers were filled with each of the five substrate treatments for a total of ten chambers. Water levels were raised to the chamber surface for 24 h to thoroughly wet the substrate. Water levels were then lowered 15 cm from the surface and substrate allowed to drain for another 24 h. On day 3, a single crayfish was placed in each chamber -one male and one female per each substrate type. Burrow depth was recorded daily from day 4 through day 8. Shadecloth was wrapped around each burrowing chamber. Crayfish were not fed during the course of the assay. The assay was repeated five times for a total of ten crayfish (5 males and 5 females) per substrate type. Burrow depth data were rank-transformed to meet assumptions of normality and differences among substrate types (with assay number as a blocking variable) were analyzed using general linear models (SAS, version 9.2).
Burrow Depth and Chelipeds
To assess the effect of chelipeds on the burrowing abilities of C. striatus, nine chambers were filled with 2:1 fine:coarse substrate previously shown to be favorable for burrowing. Substrate was wetted and drained in the same manner as previous assays and shadecloth wrapped around each burrowing chamber. Three female crayfish were randomly assigned to one of three treatments: 0 chelipeds, 1 cheliped, and 2 chelipeds. Chelipeds were removed for appropriate treatments by cutting chelae near the base of the appendage using scissors. Following cheliped removal, all crayfish were held in a recirculating system for 24 h before initiating the assay. One crayfish was then placed in each of nine burrowing chambers and burrow depth recorded daily for 5 days. The assay was repeated three times for a total of 9 crayfish per treatment. Burrow depth data were rank-transformed to meet assumptions of normality. Differences in maximum burrow depth after 5 days (with assay number as a blocking variable) were analyzed using general linear models (SAS, version 9.2).
RESULTS
Burrow Filling Times
Filling rates of the artificial burrows were significantly slower than filling rates of the outer chambers for both coarse (t 5 26.57, d.f. 5 2.42, P 5 0.01) and fine (t 5 28.77, d.f. 5 2.00, P 5 0.01) substrate (Fig. 3) . In the three chambers utilizing coarse substrate, the outer chamber filled at a rate (mean 6 1 standard deviation) of 34.7 6 7.1 cm min 21 whereas the burrow filled at a rate of 6.2 6 2.3 cm min 21 . In the three chambers utilizing fine substrate, the outer chamber filled at a rate of 23.5 6 4.6 cm min 21 whereas the burrow filled at a rate of 0.0012 6 0.0003 cm min
21
. All outer chambers had a water inflow rate of 1 6 0.1 L min 21 . Artificial burrows dug in coarse substrate collapsed as they filled with water, whereas fine substrate burrows remained intact after filling.
Growth and Survivorship
Seven of eight C. striatus burrowed $ 15 cm down to the groundwater in fine substrate within 96 h of being placed in the chambers. Initial burrows were typically L-shaped, ending in a horizontal, enlarged chamber at the groundwater interface (Fig. 2D) . Although maximum burrow depth was reached within 96 h, burrows were subsequently modified with branches and multiple entrances (Fig. 2E) during the course of the study with entrances topped with chimneys ( Fig. 2B) , plugged, or left open at the surface. Crayfish that burrowed exhibited 100% survivorship during the course of the study, whereas the single crayfish that did not burrow remained in a shallow depression throughout the trial and died the day before the trial ended. One of the seven burrowing crayfish lost weight whereas the others showed positive growth (Table 1) with an average of 7.2% 6 2.8% (standard deviation) body weight increase during the trial. Carapace length changed by , 1mm (Table 1) and molts were never observed in the burrows.
Qualitative observation suggested that burrowing crayfish spent much of their time partially submerged in the groundwater within a horizontal chamber. Groundwater in the burrows was of poor but variable quality, with ammonia nitrogen levels ranging from 2-150 3 ambient levels in the sump water (Table 1 ). There was no significant correlation between crayfish growth (% of initial body mass) and ammonia nitrogen (Pearson, r 5 20.301, P 5 0.513, Fig. 4 ).
Burrow Depth and Substrate Type
All crayfish survived in the 0:1 and 1:1 (fine:coarse) treatments whereas one crayfish died in each of the remaining three treatments during the course of the assay. Data from dead crayfish were not considered in the burrow depth analysis. There were significant differences in burrow depth between substrate types (F 4, 47 5 4.79, P 5 0.0006) with crayfish in 0:1 (fine:coarse) substrate burrowing significantly shallower than those in 1:1 (Tukey simultaneous tests, P 5 0.0038), 2:1 (P 5 0.0081) and 1:0 (P 5 0.047) substrate types (Fig. 5) . Crayfish frequently burrowed down to the water table with high proportions of the crayfish digging burrows $ 15 cm in depth (Fig. 5) . However, only 20% of the crayfish in the 0:1 substrate dug burrows $ 15 cm in depth. Burrow depths did not significantly differ between male and female crayfish (F 1, 47 5 0.02, P 5 0.901). There was a significant time effect (F 4, 47 5 4.79, P 5 0.006), with run number 5 having significantly deeper burrows than run number 3 (Tukey simultaneous tests, P 5 0.014). However, there was no significant time X treatment interaction (F 16, 47 5 1.78, P 5 0.100) and re-analysis considering only runs 1-4 revealed similar results as analysis of the entire dataset (runs 1-5). Therefore we report results for the entire dataset.
Burrow Depth and Chelipeds
One of nine crayfish with no chelipeds died during the course of the study and was not considered in the burrow depth analysis. Five of the remaining eight crayfish burrowed to the water Fig. 6 ). Qualitative observation indicated that burrow complexity was similar between treatments when burrows reached the groundwater. Crayfish with no chelipeds were observed to create large, lateral chambers at the groundwater level similar to those created by crayfish with chelipeds. There was no significant time effect (F 2, 26 5 0.04, P 5 0.958) or assay X treatment interaction (F 4, 26 5 0.53, P 5 0.714). 
DISCUSSION
Results from this study demonstrate the utility of a novel tool to observe and measure burrowing activity under manipulated conditions. Crayfish readily dug burrows and chimneys (Fig. 2B, C ) that approximated those observed in the field and exhibited high survivorship and positive growth in fine substrate. Water level and substrate type were easily manipulated in our chambers. Water level responded quickly to changes in standpipe height, predictably to substrate particle size, and was easily observed through chamber walls. Chambers were easy to build with total cost of materials for each chamber approximately $60 and building time of less than 1 day per chamber (excluding sump). However, space was an issue: our array of ten chambers plus a common sump required a minimum of 3 3 4 m of floor space. In natural systems, crayfish burrow in a variety of substrate types ranging from highly permeable sand to tightly packed clay soils with low permeability (Hobbs, 1981) . In and around Odum Creek, we observed burrows of C. striatus from near-stream sand bars to clay-dominated floodplains. Burrow integrity, fluctuations in water level, and flushing rates are all likely to be strongly affected by substrate permeability but difficult to observe, measure, and manipulate in the field. Quality of water within crayfish burrows is also likely to be strongly affected by soil permeability, water exchange rates, and water table height. Since most crayfish species burrow, and many are closely associated with their burrow complexes, there is a great need to understand factors affecting crayfish survivorship, growth, and reproductive success in these semiterrestrial habitats.
Artificial burrows dug by the authors in coarse substrate filled more rapidly but collapsed more readily than those in fine substrate. These results suggest there may be tradeoffs between burrow water quality and structure integrity: burrows in sand may exhibit higher water quality due to higher flow rates but require more energy for maintenance. Similar to the artificial burrows, vertical burrows dug by crayfish in the coarse substrate collapsed frequently over a 5 day period before reaching the groundwater (Fig. 5 ), making it difficult or impossible to measure water quality in coarse substrate burrows. However, in the four-week trials using only fine substrate, water samples were easily extracted from crayfish burrows by inserting a pipette down the vertical main entrance to the water level. Probably due to the low seepage rates, ammonia nitrogen levels in the burrow water were much higher than ambient levels in the sump water that was pumped through each chamber. However, there was no evidence that growth and survivorship of C. striatus were negatively affected by ammonia nitrogen levels observed in the burrow water. Some crayfish quickly burrowed to the bottom and side screens which likely accounted for the wide range in measured ammonia nitrogen levels (0.4-30 mg L 21 ) -burrows closer to the screens would have higher flushing rates.
Cambarus striatus exhibited positive growth during the 4-week trial, indicating the chambers provided favorable habitat, even though burrow water exhibited extremely high ammonia nitrogen. Food was dropped directly into the burrows, allowing crayfish to feed without crawling up into the above-ground chamber. It is unknown whether this species feeds within its burrows in natural systems or primarily forages aboveground or in standing water. The provision of a steady diet of high protein feed may have played a large role in the positive growth observed in this assay. Results indicate that crayfish will feed within this artificial environment and suggest that chambers may be suitable for long-term culture of burrowing species. Future studies examining foraging behavior and growth rates of crayfish under food-limited conditions, and/or differing diet formulations are warranted.
Substrate type had a significant effect on burrow depth and ability of C. striatus to reach groundwater levels. Crayfish in substrate dominated by fine particles consistently burrowed down to the groundwater whereas crayfish in coarse substrate (sand) produced relatively shallow burrows and seldom reached the groundwater even though it was only a short distance (15 cm) from the surface. Previous field and mesocosm studies have shown strong effects of drought and substrate on burrowing behavior and survival of crayfish. Reputedly non or weakly burrowing crayfish have been shown to aestivate under rock and cobble (Jones and Bergey, 2007) , make simple sealed burrows (Berrill and Chenoweth, 1982; DiStefano et al., 2009) or utilize the burrows of other species (Robson and Johnston, 2009 ) under drought conditions. The severity of drought effects on crayfish is likely dependent upon substrate-specific burrowing and survival characteristics of different crayfish species (Dorn and Volin, 2009) . Our study suggests that the burrowing chambers could be a useful tool to screen substrate and water level preferences of different crayfish species.
Chambers also seemed useful for examining burrow and chimney structure. Although clay occasionally occluded portions of the burrows, general burrow structure was apparent, and crayfish were easily located within the burrows when shade cloth was lifted from the chamber walls. Cambarus striatus burrowed quickly (# 3 days) into fine substrate, and continued to actively burrow throughout a 4 week period. Chimney construction and burrow complexity were similar to that reported in the field, with multiple entrances (Fig. 2B, C, E) and a wide range in chimney structures ranging from simple burrow plugs to open chimneys rising a few centimeters above burrow entrances. Burrow structure was easily recorded via line drawings from photographs (Fig. 2D, E, F) and we are currently evaluating techniques to quantify burrow complexity and size beyond simple measurements of burrow depth. The two-dimensional structure (confining walls) of the chambers may have been a limiting factor to crayfish burrowing. However, based on our personal field observations and those of Hobbs (1981) , C. striatus often burrow between structure such as roots and rocks in the wild. In our chambers, they frequently chose to construct vertical burrows directly against above-water structures such as the inner chamber screening/pvc pipe (Fig. 2B) . In other studies, Cambarus diogenes Girard, 1852 seemed to prefer burrowing against the sides of glass beakers (Grow, 1981) .
This suggests that proximity of hard structure may be preferred by crayfish and warrants further study. Chambers may also be useful for studying burrowing mechanics. Video of active burrowers showed that crayfish used their chelipeds to carry material out of burrows and to carefully place and shape the excavated material around the burrow entrance (JAS and BSH unpublished data). However, chelipeds were not necessary for burrow construction. Cambarus striatus without chelipeds did not burrow down to the water table as often as those with chelipeds, but they reached the water table a majority of the time, exhibited no significant decrease in maximum burrow depth, and produced large horizontal chambers at the groundwater interface. Most crayfish created a chimney base around their initial burrow entrance, but the amount of excavated material was generally not sufficient to build a tall chimney. Thus, it was impossible to tell if absence of chelipeds affected chimney construction. Future studies with larger chambers and lower groundwater would allow for more extensive burrows and might induce construction of larger chimneys.
We note several ways in which the chambers might be modified for future studies. Crayfish frequently modified and enlarged burrows during the 4 week study period. In particular, the lateral chamber which most crayfish dug at the groundwater level was occasionally enlarged to the point where only a thin layer of soil remained above the chamber ceiling. This layer was prone to collapse (Fig. 2F) . Larger, deeper burrowing chambers may help to alleviate this problem in future studies. Crayfish sometimes constructed burrows directly against the mesh barriersallowing for increased water flow into the burrows and preventing accurate assessment of the relationship between substrate type and water quality. In future studies examining effects of burrow water quality on crayfish health, a burrow barrier consisting of J0 plastic mesh could be inserted in the sediments at a specified distance from the screen walls to allow unimpeded seepage, but prevent crayfish from burrowing all the way to the screening. Finally, linking all chambers together with a common, above-ground foraging chamber would allow for examination of intra-and interspecies interactions, as well as substrate preference assays. Although we are continuing to improve our chamber design via the previously mentioned modifications, assays conducted using the current chamber design provided valuable insight into the biology and behavior of our model species and suggest a range of applications.
With a few suggested modifications, chambers based on this design should be a valuable tool in elucidating the subterranean ecology and conservation of a variety of burrowing species. Assays presented in this paper focused on a single species of crayfish. However, control of substrate and groundwater characteristics should render the chambers highly applicable to the study of other burrowing organisms including salamanders, unionid mussels, and clams. Chambers may also be extremely useful in examining synergistic and antagonistic interactions between multiple species such as burrowing and nonburrowing crayfish (Robson and Johnston, 2009 ) and insect larvae and crayfish (Pintor and Soluk, 2006) . Knowledge of environmental requirements is vital to informed management and conservation decisions regarding burrowing species. Translocation and reintroduction are increasingly important tools in the conservation of many imperiled species and may become an important tool for crayfish. Knowledge of species-specific substrate preferences for burrowing, as well as interspecies interactions, would be a very useful tool for natural resource managers trying to predict effects of drought and water usage on endemic burrowing fauna, as well as determining suitable sites for future reintroduction and/or translocation efforts.
